Separation of molybdenum from the synthetic chloride leach liquors of spent hydrodesulphurization catalysts was studied by employing cationic (Diphonix) and anionic resins (AG1-x8). The composition of the solution was Mo 394 ppm, Co 119 ppm and Al 1782 ppm. In the HCl concentration range from 1 to 6 kmol/m 3 , the loading of Co and Al was negligible. As the concentration of HCl increased, the loading percentage of Mo by AG1-x8 increased, while that by Diphonix decreased. The Mo in the loaded AG1-x8 was successfully eluted by using NaOH solution. In terms of the possibility of producing Mo compound from the eluant, AG1-x8 was found to be better than Diphonix. The loading capacity of AG1-x8 for molybdenum was determined. Column experiments verified that it was possible to separate Mo from Co and Al by ion exchange with AG1-x8.
Introduction
Molybdenum is the main active ingredient of petroleum refining catalysts. After certain period of catalytic processing, the catalysts become contaminated with impurities and deactivated. The composition of spent catalyst is 1030% molybdenum, 112% vanadium, 0.56% nickel and 16% cobalt. 1) Owing to the environmental concern and the increasing demand for valuable metals (particularly molybdenum and cobalt) in many technological fields, spent catalysts have been recognized as a secondary source for the recovery of molybdenum, cobalt, nickel and vanadium. A number of processes, such as acid leaching, 27) caustic leaching 8, 9) and bio-leaching, 10) have been developed to treat the spent catalyst. Among these processes, acid leaching can dissolve all of the valuable metals in spent catalysts. 11) Many works have been conducted for the recovery of molybdenum from acid leaching of spent catalysts by solvent extraction. For instance, most of the Mo in the leach liquor containing Al and Ni was extracted by LIX 84-I and the stripping of Mo was quantitative using a mixture of NH 4 OH+(NH 4 ) 2 CO 3 . 5, 12) Mo can be separated from vanadium at pH 1.0 using EHEHPA and Mo in organic phase was completely stripped by the mixture of NH 4 OH and NH 4 Cl with excellent phase separation. 13) LIX 63 can extract simultaneously Mo and V from sulfuric acid solution containing Al, Co, Ni and Fe but in order to obtain purified products, the two metals loaded in organic must be separated. 14, 15) The synergistic solvent extraction mixture of Cyanex 272 and TBP was found to be effective for the separation of Mo in the presence of V, Fe and As.
16) The Mo from loaded organic was stripped using H 2 SO 4 solution. TOPO and TBP can extract molybdenum over cobalt and aluminum from 3 kmol/m 3 HCl leaching solution of spent catalysts. 7, 17, 18) The authors have recommended that TBP was good for the recovery of molybdenum from Co and Al because of stripping efficiency. The dilute HCl solution was used for the stripping Mo from loaded TBP. Generally, the separation of molybdenum in the presence of other metals by solvent extraction offered high separation efficiency but the stripping of molybdenum from loaded organic was complicated or strong acid solution was needed for stripping process.
1416)
Ion exchange is simple to run and clean aqueous solution can be obtained when the concentration of metals in leaching solution was low. Some works have reported on the separation of Mo from acid solution by ion exchange. Both cationic and anionic species of molybdenum exist when the concentration of acid is higher than 1 kmol/m 3 . Therefore, molybdenum can be loaded into cationic or anionic resins from strong acid solutions.
1) Recently, we have reported on the separation of molybdenum and vanadium from hydrochloric and sulfuric acid solution by Diphonix and AG1-x8 resins. 19) The obtained results showed that molybdenum and vanadium can be separated completely from a sulfuric acid solution of pH 1.2 by the use of AG1-x8. The elution of Mo from loaded AG1-x8 was complete using NaOH solution as eluant. However, few works have been done on the recovery of molybdenum from hydrochloric acid leaching solution of spent catalyst by ion exchange. For this purpose, strong acidic (Diphonix) and anionic (AG1-x8) resins were employed for the separation of molybdenum from hydrochloric acid leaching solution in the presence of Co and Al. In the ion exchange study, the effects of several operation factors, such as contact time, acid and resin concentration and different eluants were examined to establish optimum conditions for effective separation and recovery of molybdenum. The loading capacity and column experiments have been carried out to verify the applicability of ion exchange for the separation of Mo from the acid leaching solution. 
General ion exchange procedure
The concentration of molybdenum, cobalt and aluminum in the solution was controlled to 394, 119 and 1782 ppm respectively. The acidity of the solution was adjusted to 3 kmol/m 3 HCl, except the experiments about the effect of HCl concentration on the loading of the metals.
Loading experiments were carried out by adding appropriate amount of resin into the synthetic solution. The mixture was shaken in a shaking incubator (HB-201SF, Hanbeak Scientific Co.) for three hours, except in the study on the effect of contact time. The temperature in shaking process was adjusted to 25°C. After filtering the resin by filter paper, the concentration of metals was determined by ICP-OES (Spectro Arcos). The concentration of metal loaded into resin was obtained by mass balance.
In column experiments, a glass column (250 © 10 mm) was used, where 4 g of resin was poured. The operation was performed at a constant flow rate of 1.5 cm 3 /min. The flow rate of the solution was controlled by using pump (FMI lab pump, QG20). The effluent was fractionated into portions of desired volume. The concentration of metals in each fraction was measured. The change of metal concentration in the effluent was represented by using concentration fraction which is defined as
Concentration fraction
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Concentration of metal in the feed ð1Þ . In the case of ion exchange with Diphonix (Fig. 4) In acid leaching process of spent catalyst, it was found that 3 kmol/m 3 HCl was an optimum condition to leach Mo, Co and Al from spent catalysts. 7) Moreover, according to Figs. 3 and 4, the loading behavior of Mo with AG1-x8 was the same as that of Mo with Diphonix at 3 kmol/m 3 HCl where about 50% Mo was loaded in these resins without any coadsorption of Co and Al. Hence, the concentration of HCl in the synthetic solution was fixed at 3 kmol/m 3 HCl in further experiments.
Effect of resin concentration
Using the above mentioned solution condition, the synthetic solution of 3 kmol/m 3 HCl was contacted by varying resin concentration from 1 to 30 kg/m 3 and the experiment results are illustrated in Figs. 5 and 6. As can be seen, the loading behavior of Mo with Diphonix and AG1-x8 were similar in our experimental range. The loading percentage of Mo increased steadily from 10 to 65% with the increase of resin concentration from 1 to 30 kg/m 3 . In the case of Al and Co, the loading percentage of these metals with both resins was zero in our experimental conditions. The obtained results indicate that both AG1-x8 and Diphonix are effective in separating Mo from hydrochloride acid solution in the presence of Co and Al, and the separation efficiency at 3 kmol/m 3 HCl solution was the same in both resins.
Molybdenum elution
In developing a process to recover Mo from the spent catalysts by ion exchange, we need to produce Mo metal or compound from the eluant containing Mo. With Diphonix, strong acid solution is needed to elute the Mo from the loaded Diphonix and it is difficult to prepare Mo compound from the strong acid solution. However, the Mo from loaded AG1-x8 can be eluted using alkaline solution. Especially, it has been known that preparation of Mo compound from basic solution is easier than from acid solution. Thus, AG1-x8 was chosen as a resin for the recovery of Mo from 3 kmol/m 3 HCl solution containing Co and Al.
In order to find an eluant for Mo from the AG1-x8, elution experiments have been done by using NaOH and NH 3 solution. For this purpose, the loaded resin was prepared by contacting 50 cm 3 of the solution containing 394 ppm of Mo with 1 g resin. The concentration of NaOH was varied to 1, 3, 5, 7 kmol/m 3 and that of NH 3 was in the range from 0.5 to 2 kmol/m 3 . The amount of the loaded resin was kept at 5 kg/m 3 and the results are shown in Table 2 . As is shown in Table 2 , the elution percentage of Mo was less than 10% in NH 3 concentration range from 0.5 to 2 kmol/m 3 , while that of Mo increased to 79% with increase in NaOH concentration from 1 to 3 kmol/m 3 and decreased slightly with further increase of NaOH concentration. It can be concluded that NaOH solution is more effective than NH 3 solution for the elution of the Mo from loaded AG1-x8. In order to obtain the optimum elution condition, different concentration of loaded AG1-x8 within the range of 1.75 kg/m 3 was contacted with 3 kmol/m 3 NaOH solution. Table 3 shows that most of the Mo in the loaded resin was eluted at 1.7 kg/m 3 of loaded resin concentration. With the further increase of the loaded resin concentration, the elution percentage of Mo decreased slightly.
Loading capacity experiments
Loading capacity experiments for molybdenum at 3 kmol/m 3 HCl was tested to determine the applicability of AG1-x8 in continuous operation. These experiments were conducted by contacting 1 g of AG1-x8 with 50 cm 3 of fresh Mo solution several times until the amount of metal in the resin became constant. The cumulative amount of the metal loaded into the resin was calculated by the difference in the concentration of metal in the solution after each stage of contact. The results are shown in Fig. 7 . The cumulative loading of molybdenum increased with the increase of contacting stage and became constant after six stages. The loading capacity of AG1-x8 for molybdenum from 3 kmol/m 3 HCl solution was found to 21 mg per g of resin. 
Continuous experiments
Continuous experiments were conducted to test the feasibility of separating Mo from Co and Al by AG1-x8. For this purpose, 4 g of AG1-x8 was added into a column and a feed solution containing Mo-394 ppm, Co-119 ppm and Al-1782 ppm was passed through. The results are presented in Fig. 8 . As can be seen from Fig. 8 , the concentration fraction of Mo was zero until 15 BV, which means that most of the Mo from the solution was loaded into resin. The breakthrough of Mo occurred at 45 BV, where molybdenum concentration in the effluent was the same as that in the feed. In the case of Co and Al, the concentration fraction of these metals was unity, indicating that most of Co and Al remained in the effluent. Our results indicate that complete separation of Mo is possible from the chloride acid solution containing Co and Al at 3 kmol/m 3 HCl in one step by using AG1-x8. Although the loading capacity of AG1-x8 for Mo was low, pure molybdenum solution was obtained from the loaded AG1-x8 by elution with 3 kmol/m 3 NaOH solution.
Conclusions
Ion exchange experiments have been conducted for the separation of molybdenum from acid leaching solution of spent hydrodesulphurization catalysts. The effects of operational factors like contact time, acid concentration, resin concentration were investigated to test the loading behavior of Mo, Co and Al using cationic (Diphonix) and anionic resins (AG1-x8). Mo can be loaded into AG1-x8 or Diphonix in the HCl concentration range from 1 to 6 kmol/m 3 , while the loading of Co and Al was negligible. The loading efficiency of Mo at 3 kmol/m 3 HCl solution with AG1-x8 was the same as Diphonix. However, AG1-x8 resin was chosen for the recovery of Mo because of its advantage in the manufacture of compound after the elution process. An optimum condition to elute Mo from the loaded AG1-x8 was obtained from the elution experiments. The loading capacity of AG1-x8 for molybdenum from 3 kmol/m 3 HCl solution was 21 mg per g of resin. The column experiments verified that complete separation of molybdenum from acid leaching of spent hydrodesulphurization catalysts was possible. 
